Understanding tangible interaction's foundational concepts can lead to systems with direct, integrated, and meaningful data control and representation.
R ecent strong interest in tangible interaction (TI) has led to the development of numerous systems, theories, and frameworks, all looking at how humans and computational systems can interact using physical objects to represent and control digital data. By expanding visual interaction to encompass all the senses, TI has tremendous potential to transform the way users interact with digital data.
To better understand TI's possibilities, we extensively reviewed and analyzed existing literature on TI systems, theories, and frameworks to identify TI's foundations and how designers might use foundational principles to create TI systems with defining data control and representation qualities. We found that many efforts are seeking a binary distinction between TI and intangible interaction to determine the boundaries of the field-for example, is interaction with a mouse or touchscreen or through gestures considered TI?
Although qualifying this distinction might be important in developing a taxonomy or framework, we believe that efforts are better spent reflecting on TI's potential benefits as the first step toward creating breakthrough interactive systems. In many systems we reviewed, TI clearly adds value, but the designers neglected to take the effort a step further to exploit all that TI has to offer. As the "What Is Tangible Interaction?" sidebar describes, lack of progress might be due in part to disagreement within the interface design community about TI's scope. Figure 1 shows the elements we identified in our survey and analysis of TI systems. All these elements must be present at least to some extent for a system to be considered a TI system. Foundations are the basic ingredients that any TI system combines in some form. Qualities reflect the control and representation of digital data.
FOUNDATIONS
Our search through the literature revealed that all TI systems have or draw on three foundational elements: computation, human skills, and a physical world.
Computation
All TI systems have some form of computation-from the simple processing of sensor data to complex computational models that use both local and external data. In contrast to the human skills and physical world foundations, computation is visible in the system's functionality, rather than in the user's interaction. Computation distinguishes TI from other forms of physical (nondigital) interaction, and enables the link between the physical and digital world.
Computational work includes executing rapid calculations, generating precise output, controlling multiple complex systems, 1 and taking over repetitive user tasks. Computation also serves as extended memory to support a variety of human skills. For example, a computer can alphabetize hundreds of randomly ordered names in seconds as part of a user's name search. Computation can also make the physical world more dynamic.
Although designers concur that computation is foundational to TI, they disagree about how much computation is appropriate. In some systems, such as inTouch, 1 computation is merely a means to achieve a oneto-one relationship between the user's input and the system's response, such as flipping a switch to turn on a light.
Other systems use computation to control a state change and its effects. In SpeakCup, 2 physical action controls a recording and playback device. Slingshot 3 uses the analysis of physical motion to control the aim of a digital slingshot that shoots a short message.
Some systems have an underlying mathematical model that can analyze complex system behavior with many interdependent system parameters. Urp's computational model 4 uses the positioning of scale model buildings to calculate airflow, shadows, and light reflections around buildings in real time and projects the results on a tabletop model.
Creating more complex systems has become easier with the vast amount of digital information and increased computational power. With the abundance of both local data from sensors and external data from the Internet, designers can combine distributed sensor data and information provided by individuals worldwide-a relatively new path for TI.
Human skills
People possess a broad range of skills that are both innate and acquired. 5 Cognitive skills are the mental abilities to read, interpret, and remember. Perceptual-motor skills are how the user perceives with five senses and acts physically. H uman-computer interaction has continued to evolve since the first graphical user interface (GUI) appeared in the late 1990s. Although GUI interaction was certainly an improvement over the command user interface, interaction with pixels still fell short of the natural way users interact with their physical environment. 1 Researchers began looking for ways to shape digital data and computational power in a way that would empower users to interact with the system as they would any other object in their everyday world. These efforts led to the graspable user interface 2 in the mid-1990s and then to the tangible user interface in the early 2000s. 3 Tangible interaction (TI) is the body of research to develop tangible systems.
Unlike display-based user interaction, TI interfaces typically consist of physical objects that the user manipulates to interact with a computing system. TI's early emphasis was on engineering interfaces that would allow the direct control of electronic or virtual objects through physical handles for control.
2 TI design has since expanded from interface engineering to encompass any mode of interaction between humans and computational systems using physical objects. 3, 4 Despite numerous theories and frameworks, 5 there is no consensus on TI's foundation and scope. Hopefully, more reflection on TI's qualities will lead to general agreement about its definition.
Emotional skills reflect the ability to experience, express, and recognize emotions.
In the traditional human-computer interaction paradigm, interfaces such as windows, icons, menus, and pointing (WIMP) relied mainly on cognitive skills, using other human skills only sparingly. In some ways, TI was a strong reaction to that limitation, motivating researchers and designers to exploit other human skills in a way that mimicked interaction with the physical world. For example, graspable user interfaces leverage the everyday skill of prehensile object manipulation.
TI's use of human skills allows for different interactions that suit the application's purpose, whether that is efficiency, fun, usability, or expressiveness. That TI uses a range of human abilities is advantageous not only for object manipulation (input), but also for system response (output). TI output is in a physical form that exploits a combination of senses, whereas GUIs address mainly the visual sense.
The use of emotional skills is still nascent in TI, but the literature contains several examples of perceptual-motor and cognitive skills. TI enables two-handed interaction and parallel control of multiple parameters, and it exploits spatial reasoning skills, requiring physical space for interaction. This requirement is incompatible with a GUI.
TI can also use observational and action periphery, thereby exploiting the entire attention field, 6, 7 and it can provide information at a glance by using abstract information, such as an object's color and shape, instead of concrete information, such as text and numbers.
Physical world
Unlike screen-based systems, TI systems have a physical nature and therefore the opportunity to leverage aspects of the user's physical world. This idea has been integral to TI from its roots; indeed, TI's emergence is largely a response to the limitations of GUIs, which emphasize the visual sense to the exclusion of other senses in the physical world. 8 The physical world naturally combines multiple sensory input and output, and any physical object can provide information through multiple sensory channels. With the multimodality of tangible interfaces, communication channels can be more varied.
Unlike the virtual world, the physical world is persistent. Objects are always visible and therefore accessible for interaction, but they also need physical space when not used. Physicality provides actionable properties between the world and an actor. 9 Such affordances can help the user determine how to interact with an object by providing cues about whether the user can squeeze or push the object or if it requires manipulation with two hands.
The physical world's main advantage is familiarity; users can easily comprehend it because they have lived in it since birth. They can immediately interpret an object's spatial location and orientation and understand how to manipulate it. At some point, users might begin using their understanding of the physical world to think about and interact with the digital world, although there is yet no evidence of this inclination.
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FROM FOUNDATIONS TO QUALITIES
Combining the three foundations in various ways will yield systems with interaction qualities far superior to those in existing systems. This is the real value of a TI system and its resulting interaction experience. The extent to which TI foundations are present determines system qualities and the extent to which the system exploits TI's full range of benefits.
Direct control and representation
The direct availability of information (representation) and the possibility to directly manipulate system parameters (control) is a central TI theme. Although designers have proposed direct GUI manipulation, 11 these interfaces can provide only so much direct control, since one device controls different functions at different times (time-multiplexed devices). 12 As far back as 1995, researchers explored the idea that a graspable interfaceone with no menus or other intermediate steps-could make interface elements more direct and manipulable. 12 TI realizes that notion by giving digital information and computation physical form and thereby making it easier to manipulate data directly. 8 In addition to direct manipulation, making the information representation immediately available promotes awareness at a glance and enables users to get information from the system at any time. Exploration is easier because the user can quickly see the results of any actions. Finally, direct data control and representation makes collaboration easier because the actions and results for one user are immediately visible to the others in the same way as working together on a shared physical object. Reactable in Figure 2a is an example. 13 Further enhancing collaborations is the ability to visualize data in a physical rather than abstract context, which might provide additional insights into complex processes. 8 The extent to which TI foundations are present determines system qualities and the extent to which the system exploits TI's full range of benefits.
Direct availability is not without tradeoffs, however. Many available objects can lead to clutter. Systems with a variety of controllable parameters might require an equal number of objects, since an object can control only as many parameters as it has degrees of freedom.
To reduce the risk of clutter, objects can be designed for their specific functionality and exploit their many degrees of freedom. In contrast to Reactable, Moving Sounds' tangibles in Figure 2b 14 are designed for their specific function and use their physical degrees of freedom for control.
Computing continues to offer new functions, many of which are currently provided through generic GUI-based devices, such as a tablet or smartphone. Rather than activating the device to start a specific application and access that functionality, direct control and representation requires only the manipulation of a physical object for access. In that sense, the directness quality redresses the effort-reward balance and gives TI systems the power to integrate functions into everyday life.
Integrated control and representation
With integration, users can view a system's input and output as a single entity. The user's action and the system's reaction is usually the same in a nondigital manipulation, such as pushing a door. The object changes only because of direct physical manipulation. With traditional digital manipulation, the user's action, such as clicking a mouse, takes place outside the computer, and the system's response (opening a window) takes place on the screen. TI aims to unify action and perception to create a "seamless integration of representation and control." 15 In other words, the user can read the system state from the manipulated object. The literature refers to this reintegration of representation and control in various terms, including "joining input and output space." 16 The extent of integration differs across systems. One researcher 17 distinguishes four embodiment levels-the degree to which the input mechanism is closely tied to the output event, or to what extent the user thinks the computation is inside the input object itself. Others 18 view integration on three levels. The digital representation can be located apart from the input device (discrete), located contiguously (colocated), or be within the object (embedded).
Integration of action and perception space is an important quality in TI. Users must be able to perceive their action and the system's output simultaneously. Many tabletop systems meet this requirement by projecting system output onto the physical objects. Integration on a physical level means that control and representation are physically integrated in the same object. At this integration level, from the user's view, control and representation can appear truly united. Figure 3 shows Urp and Rich Interaction, which are good examples of integrated data control and representation. Urp 4 leverages integration as the shadow falls naturally on the buildings and gives the feeling that the building itself casts a natural shadow. The Rich Interaction's camera 19 unifies form, interaction, and function. As users manipulate the camera, it communicates possible actions such as taking a picture and storing it. These functionalities become apparent when they are available through physical changes in the device's appearance, which also communicates the device's current state.
Integrating data control and representation provides opportunities for interaction that is as natural as interacting with everyday physical objects, while simultaneously leveraging the advantages of the digital world. Consider the benefits of having easy physical access to digital information such as weather and traffic services or control over computationally enabled services like a printer.
Meaningful control and representation
Users must understand what input is possible and correctly interpret system output. A major challenge in obtaining meaningful control and representation is how to map physical objects and their manipulation to digital computation and feedback. 8 TI systems are considered strong specific interfaces, in that they are developed for a specific purpose, and unlike weak general interfaces, their appearance and interaction are customizable to a specific function. This customization empowers the TI system to convey meaningful information about the data control and representation.
Meaningful interaction helps the user understand the interaction. Concepts that promote meaningful interaction include affordances, metaphors, and image schemas. A meaningful TI system relates the action and form (appearance) of the interaction with its function. Designing action and appearance concurrently with function enables TI system designers to create a meaningful relationship among the three.
For simple products with limited action and function options, such as taps or lights, providing information about action possibilities through form might be sufficient (affordances). 5 For example, a well-designed door handle reveals how to use it through its form.
Metaphors are another way to provide meaning in form and interaction. For some researchers, metaphors imply that the system's response to a user's action is analogous to the real-world effect of similar actions. 17 Others 16 claim that metaphors do not imply mimicking the real world as closely as possible, but rather indicate only the transfer of real-world schematic structures to abstract concepts. Still other researchers 20 see metaphors as a way to understand things in terms of another thing, which is fundamental to how people understand the world.
Another way to understand an interaction is through image schemas-abstract representations of recurring dynamic patterns of bodily interactions that structure individuals' understanding of the world. 16 Researchers disagree about what constitutes an intuitive interface. For some, an interface is intuitive if the user already has knowledge that leads to effective interaction. 16 This preexisting knowledge can originate from different sources and be classified along a continuum from innate knowledge to perceptual-motor knowledge to culturally specific knowledge and finally to expertise knowledge. Other researchers conclude that no metaphor can ever be comprehended or adequately represented independently of its experiential basis. We believe that metaphors are useful in understanding an interaction, but it does not automatically follow that a product resembles another product. Thus, meaningfulness is the result of experiences that have generated knowledge at different levels.
20 Figure 4 gives two examples of meaningful data control and representation: Physical Props 21 lets users see a digital section cut as they are using an object and section plane to physically make that cut. Graffiti Wall (www.crowdactivation.com/digital-graffiti-wall) leverages meaningfulness by giving the controller the shape of a spray can, thereby colocating the controller input and output and mimicking the spraying action. T he foundations and qualities we have described provide a handle for defining and designing TI systems and hopefully will motivate developers and designers to further contribute to the tangible experience of interactive systems. TI is already changing how designers view computers; the computer is no longer a single device with controls, but a collection of smaller devices that combine input and output and are scattered across physical space and as sensors on the human body.
Designers will enjoy more freedom in creating these devices, and the form factor will be more flexible. The trend of adding intelligence to everyday objects will contribute to this flexibility. Computer science will become even more important, but not with its traditional keyboard, mouse, and screen.
Exploiting TI in systems requires a close collaboration between the experts in the fields related to all TI foundations. The expertise of ICT professionals, psychologists, and product designers is crucial when developing systems that aim to benefit from TI. Developing computing systems is no longer a task for engineers alone-an idea that will inherently change development processes and approaches.
Although TI foundational elements and data control and representation qualities can enhance many designs, a full implementation is not beneficial in every case. Depending on the application and its use, having select TI qualities might be more desirable than having all qualities equally present.
To date, not many TI systems with a high degree of complexity have successfully made it to the market, possibly because the focus has been too much on designing complete TI systems rather than exploiting TI benefits. Designing hybrid systems, in which user interaction is partly tangible, might be an interim step. TI interface elements could target novice users, have a high frequency of use, or have a high degree of urgency. Because many everyday systems require a certain complexity, designers should not be afraid to draw from the best of both worlds. 
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